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PREFACE
The following study of cumulus convection has been divided into
three parts: (1) concerning the liquid water content instruments,
(2) on the theory of cloud dynamics, and (3) about the observations
and their interpretation. Although in the work described here the
liquid water instruments were only a means to the end of acquiring
cloud observations, the details of the author's instrument develop-
ment and calibration work are given here in Part I, because well-cali-
brated aircraft instruments for recording cloud liquid water are not
at present commercially available. The writer wishes to emphasize
that aircraft instrumentation is not at all a highly developed tech-
nology like that of the digital computer, which has been favored
economically by its well-nigh universal applicability. Hence there
has been a tendency to take whatever is available in aircraft instru-
ments without looking too closely at their performance characteristics.
Also the information explosion has created a gulf separating theory
from observation and observation from instrumentation. The author for
several years has been and is still trying to bridge the gulf. The
work described here represents the writer's effort devoted to achieving
a balanced synthesis of instrumentation, observation, and theory in the
study of cumulus dynamics.
The proliferation of cumulus models and numerical experiments
over the last few years has induced a need for more definitive observa-
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tions to establish the relative merits of the various theoretical
approaches. Adequate instrumentation is important in the measure-
ment of physical quantities such as cloud liquid water and tempera-
ture anomaly, which are associated with buoyancy, and turbulent
vertical velocity, which is an important indication of kinetic
energy developed by buoyancy forces. In addition the form that
cumulus convection assumes must be inferred from probing of clouds
along a line by aircraft and in two dimensions by radar.
The scope of the thesis is so broad that some statement
concerning motivation may be helpful to the reader. The initial
impetus to the author's work was supplied by the desire of
Dr. J. Simpson to record cloud liquid water, along with tempera-
ture and turbulent vertical velocity in work on trade wind cumulus
clouds. During an August 1956 field trip under her supervision,
the writer used the paper tape instrument built and supplied by
Warner and Newnham (1952) and a lithium chloride instrument built
and supplied by aufm Kampe, Weickman and Kelly (1956).
The shortcomings of these cloud liquid water instruments
became apparent in field and wind tunnel use. The former was ex-
tremely non-linear in its response. Its tape tended to wet exces-
sively and tear during exposure to clouds of high liquid water content.
The latter was extremely fragile and tended to short out after a
short period of use.
The difficulties experienced with these instruments supplied
the motivation for developing a simpler,more accurate instrument.
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The hot wire instrument as developed by Neel (1955) appeared to
offer the most promise and was therefore adopted. The dependence
on drop size of this instrument's response was a disadvantage,
which the writer turned into an advantage by developing a com-
panion hot wire instrument consisting of wire wound on a ceramic
cone. The two instruments together were calibrated to yield liquid
water content and an approximate indication of volume median drop
size.
In Part II a comparative analysis of the bubble and steady
state jet models is made and related to the tank experiments of
Scorer et al. The essential unity of the various models is stressed
here. The bubble model is also adapted to cumulus convection.
A statistical summary of all the available cloud observa-
tions made in the Caribbean area by the writer and his collabora-
tors is presented in Part III. Comparison of this data with bubble
model computations suggests that the value of .75 for the entrain-
ment parameter inferred from tank experiments may also be valid in
cumulus clouds. The detrainment parameter,on the other hand, appears
to be negligible. Autocorrelation and cross correlation analyses of
six cloud passes through two cloud lines are given as a preliminary
to possible spectral analyses of better data in the future. The
autocorrelation analyses indicate a larger dominant turbulence scale
in cloud than in the sub-cloud layer. Cross correlations of liquid
water content, temperature, and vertical velocity are positive except
^ ~ _111_1_^__ ~11~ I~
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for the cloud top pass along a cloud line, in which the temperature-
cloud correlation is negative. The negative cross correlation may
be due either to inertial overshoot or mixing with the dry environ-
ment air.
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PART I
An Aircraft Hot Wire Instrument System
for Measuring Cloud Liquid Water Content
"In a sense, the present trend toward handsome, beautifully
streamlined commercial instruments with engraved scales and direct-
reading charts is a highly dangerous one. It seems almost like
lse-majeste to doubt for a moment the accuracy of calibration of
any thing so beautiful and expensive, whereas the usually junky-
looking homemade instrument simply cries aloud that it needs cali-
bration." E.Bright Wilson, Jr. (1952).
1. Introduction
A basic requirement of an aircraft instrument system for
cloud study is a simple method of measuring cloud liquid-water
content and drop size. A hot wire instrument consisting of a wire
loop developed by Neel and Steinmetz (1952) and Neel (1955) appeared
to satisfy the requirement for simplicity; but for such an instru-
ment to be useful it had to be adequately calibrated.
Neel and Steinmetz used a paint spray nozzle to supply the
liquid water in a wind tunnel in which their hot wire instrument
was mounted. The liquid water content was established by exposing
absorbent blotting paper cylinders in the tunnel ahead of the instru-
ment. The writer tried this method and found the results to be un-
reproducible. The writer finally chose to meter the water flow of
a nozzle array spraying into the tunnel in such a way that water was
not lost to the sides.
Drop-size distribution is a problem in calibration, because
the hot wire tends to slice through drops comparable in size to the
__~_X~I_ __^_*I__l_ I^_ ~~I___~_I_ __ _~ Illlllp-l~llr-ll
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wire diameter. A shadowgraph technique with a fast spark source
was used to photograph the drops in the test section to establish
drop size distribution for various water flow rates and atomizing
air pressures.
It is desirable to have a theoretical analysis of the
instrument response for comparison with the empirical calibration
curves. Neel made a heat balance calculation for the hot wire based
on the assumption of uniform wire temperature. The author has found
the end effects to be appreciable but not important for clear air
heat transfer computation. Solution of the dry wire boundary value
problem as indicated by Carslaw and Jaeger (1959, p.152), based on
the heat transfer coefficient given by McAdams (1942, pp.217-221),
gave reasonable results. For the wet wire Neel assumed all the
water impinging on the wire would evaporate. Comparison of theoret-
ical with empirical calibration curves indicate that Neel's assump-
tion is not correct. Furthermore the wire center was observed to
become red hot (- 10000 C) for high liquid water contents. At a
temperature of 2500C or above, drops tend to roll along the surface
on a cushion of steam without much evaporation. Therefore the
central region of the wire is not appreciably cooled by the impinge-
ment of water, and practically all of the cooling takes place near
the ends where the wire is at a temperature less than 2500C. The
net effect is a considerably larger effective range of response and
less sensitivity than that computed from Neel's heat balance equation.
_ _^~_II __ Il.--^-lr_-_IIIIIXI^
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The writer has developed a companion hot wire instrument in
addition to the simple loop consisting of wire wound on a ceramic
cone which favors interception of the large drops. The responses of
the two instruments overlap at a volume median drop diameter of about
100 microns. The ceramic cone (precipitation instrument) response
tends to level off at a volume median diameter above 170 microns,
whereas the wire loop (cloud instrument) levels off at a diameter
less than 42 microns. The two instruments together give cloud liquid
water content and approximate volume median diameter.
2. Description of the hot wire instrument system
The cloud instrument consists of a loop of nickel iron wire
(4.1 cm long and .05 cm thick) (Figure 1), which is part of a very
unconventional Wheatstone bridge circuit (Figure 2). This instru-
ment was designed to work from a 2-volt storage battery. By putting
14 to 16 wires of the above length in series, a cloud instrument
which would operate from the 28-volt supply of the aircraft was made.
The precipitation instrument consisted of 93 inches of the
same nickel iron wire wound on a grooved ceramic cone about 3 inches
long and about 2 inches in diameter (Figure 1). The wire was divided
in half, both sections of which were connected in parallel in a
Wheatstone bridge circuit (Figure 3). The power for this circuit was
supplied by the 28-volt aircraft supply.
The instruments were first mounted on an 18-inch mast on top
of the cabin, left of the central axis and just a little back of the
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windshield of the Woods Hole C47 (Figure 4). According to Singleton
and Smith (1960) this position was poor. They sampled clouds with
coated glass slides from two aircraft. In one aircraft the slides
were exposed in a position just aft of the windshield on the cabin
roof, whereas in the other they were exposed nearer the nose. Samples
taken by both aircraft, flying one behind the other, in the same cloud
indicated twice as much water on the roof-mounted slide as found on
the nose-mounted slide. To compare nose and cabin exposures of the
hot wire instruments a duplicate pair of instruments were mounted on
a boom projecting 3 feet from the nose of the C47 (Figure 4).
During a field trip towards the end of May, 1962, the two
exposures were compared by operating the two sets of instruments
simultaneously. Comparison of simultaneous deflections obtained by
the two sets of instruments, after allowance for differences in gal-
vanometer sensitivity, led to average deflection ratios (cabin to nose)
of 1.64 for the cloud and 1.48 for the precipitation instrument. The
difference in response can perhaps be accounted for either by trans-
port of water from the aircraft surface to instrument level by eddies
separating from the windshield or by concentration of the drops due
to inertia effects. Data from the cabin installation obtained before
May, 1962, were corrected with the above factors.
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3. Procedure for wind tunnel calibration of liquid water instruments.
The two instruments were quite simple to build, but their
calibration was difficult. Inasmuch as no well-established pro-
cedures for liquid water content instrument calibration exist,
the writer was forced to develop them. Experimentation with a
small tunnel of circular cross section 3k" in diameter built by the
writer at Woods Hole gave him the necessary experience, which is
briefly summarized as follows:
A single spray gun produced a strong liquid water concentra-
tion near the center, a characteristic of nozzles using compressed
air to atomize the spray. Attempts to smooth out the water dis-
tribution by a mixing chamber in front of the bell mouth resulted
in unpredictable and unmeasurable losses to the tunnel walls. The
expedient of metering the water flow and injecting the water spray
so that none was lost to the tunnel walls was finally adopted.
There was still the problem of having a reasonably flat spray
distribution across the tunnel cross section. Ideally the distribu-
tion should have a rectangular or top-hat profile, but obviously this
ideal can only be roughly approximated. A fairly flat but irregular
distribution was finally achieved with a circular array of commer-
cially available nozzles, which required compressed air to atomize
the spray. These were mounted just in front of the tunnel bell mouth.
The air pressure applied to the nozzles was used to control the drop
size.
Since the responses of both instruments were dependent on drop
LI-.C-I^~~------L~I _---- - -C - - - -C - - -- -- -
- 10 -
size, a shadowgraph technique of photographing the drops in the
tunnel was developed to estimate the drop size distribution. Earlier
use of the above technique by McCullough and Perkins (1951) for photo-
graphing cloud drops from aircraft had been complicated by the rela-
tively long light pulse duration of spark sources then available.
Very high-speed spark sources have recently become commercially avail-
able so that the technical problem of shadowgraphing drops moving at
aircraft speeds is greatly simplified. A simple box camera was built,
and a commercial high-speed spark source was modified somewhat to
shadowgraph droplets in the tunnel.
The final calibration of the instruments was done at a tunnel
belonging to the Air Force Cambridge Research Laboratory at Hanscom
Field. It had a square cross section of 6x6 inches. This cross
section - larger than the author's three-inch tunnel - was con-
sidered better with respect to tunnel wall interference and spray plume
size. The circular array of nozzles was placed just outside the bell
mouth, centered at the tunnel axis and pointing slightly inward. The
arrangement of the instruments in the tunnel is shown in Figure 5
and the shadowgraph equipment is shown in Figure 6.
The technique of calibration consisted of exposing the instru-
ments to systematically varied combinations of water flow rate and air
pressure. Shadowgraph pictures (Figure 7) were taken of the spray at
various flow rates and air pressures, corresponding to the exposure
conditions of the instruments, but not simultaneously. Also the two
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instruments were not exposed simultaneously. The exposures had
to be separated, because the test section was too small to accomo-
date both the instruments and the shadowgraph apparatus.
The spray density varied with position in the tunnel cross
section but was confined to the inner 5x5 square inch cross section.
The cloud instrument readings were therefore taken at each of 25
points in a square array as illustrated in Figure 8. The average
liquid water content in gm/m3 then was computed on the basis of
the water flow rate, the grid cross section area (25 square inches),
and the air speed.
The precipitation instrument was exposed only at the tunnel
center because of its larger size. The liquid water concentration
in the cross-sectional area covered by the precipitation instrument
head was assumed equal to the total liquid water multiplied by the
ratio of the average cloud instrument reading taken at 5 grid points
grouped about the tunnel center to the average reading at all 25
points.
The storage batteries which supplied the electric current to
the instruments were connected in parallel with a DC power supply.
The power supply output could be adjusted so as to maintain a particular
voltage across the instruments independent of the current drain.
When the instruments were exposed to the spray, the fluctuations in
spray density caused slight voltage fluctuations of less than 0.1 volt.
Systematic errors due to voltage drops at high current drains were
thereby eliminated.
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4. Volume median drop diameter and liquid water content as
established from shadowgraph pictures.
A total of about 400 photographs were taken to obtain adequate
samples of the drop population at each combination of water-flow
rate and air pressure. A total of 48 different combinations of
flow rate and air pressure were used so that on the average about
8 pictures were taken for each spray condition. Three different
camera lenses were used to vary the magnification (3.5, 5.1, and
10.1 times) according to dominant drop size. The problem of sizing
and counting the drop images was so considerable that the author
was motivated to find a convenient technique for doing the job.
This technique was centered around a commercially available
image-splitting microscope eyepiece. Since only a rather low magni-
fication was needed to look at the films, the image splitter was
mounted on one end of an optical bench lined up with the film at the
other end. A negative lens mounted between them formed a Galilean-
type telescope with the image-splitter eyepiece. The field of view
and magnification were regulated by moving the negative lens and
film. The best compromise between field of view and magnification
was obtained by viewing the film a quadrant at a time. A rectangular
grid was superimposed so that the eye would not get lost while counting
drops.
Instead of measuring every drop to establish the drop size
distribution, a less laborious,but somewhat less exact method was
^~_ _ ___~_^~ I_*_~____;I____IDILIII__ I I_-
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adopted. The set of pictures for a given spray condition was in-
spected to determine the maximum drop size. The image-splitter
micrometer was used to measure this maximum drop diameter and set
at half the maximum size. The double drop images in the field of
view could then be counted in two groups, greater than or equal to
and less than half the maximum drop diameter, by noting whether or
not the images overlapped.
The volume median drop size was computed on the basis of a
simple model of the drop size distribution (see Figure 9). Let N2
and N1 represent the numbers of drops larger than or equal to and
less than half the maximum drop diameter, respectively. In the assumed
model distribution, the frequency distribution function n is given
in terms of the drop radius a. amax is the maximum drop radius, for
which n is zero. The actual distribution function, which was
probably a skewed bell-shaped curve, is represented by a bent line
consisting of two straight-line segments as shown in Figure 9. The
equations for the straight lines are
and
YJ 1 y (2)
Multiplication of equations (1) and (2) by Yl padaIU and integration
from 0 to amax leads to the equation for total liquid water content
1 ___1___1 _1 __I I Il---- ^l~---LII1.__L^ II _.
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/ 0 / (.oI 3t.JLv (3)
where /0 is the density of water, , that of air, V is the
volume photographed, and R is the liquid water mixing ratio.
The volume median radius is denoted by am and is such
that half the total liquid water content is contained on either
side of am. Evaluation of the integrals of 1pa3nd/ afrom 0
to am and from am to amax, which equal lead to the fol-
lowing relation between N1/N 2 and am/amax
and
N1/N 2 was evaluated for various assumed values of am/amax, the
results of which are graphed in Figure 10. Four different straight
lines are given in Figure 9 for a amax, where cases I, II, and
III represent the model distributions for N 1  , = , and N2,
respectively, and case IV represents N I = 0. Equations (4) and (5)
N 1take care of cases I and II with N- ranging from 1 to oo
am
and amax ranging from .7 to .308, respectively. For N1 = 0,
am
is .725. It is not necessary to compute case III, since the
amax
N1  N 1points corresponding to -- = 1 and - 0 are so close together.
N2 N 2
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The droplet count data derived from the shadowgraphs may be
used to evaluate liquid water content with the aid of equation (3).
To do this the volume V must be found by multiplying the depth
of focus by the area photographed.
To evaluate the depth of focus a drawing of several parallel
lines of graded thickness were photographed and transferred, reduced
in size, to a photographic plate. This plate inclined at an angle
of 450 to the focal plane plate, was shadowgraphed with its center
in the center of the drop camera's field of view so that the lines
on the plate cut diagonally across the focal depth. The focal depth
of each lens was evaluated from the measured lengths of the sharp
parts of the line images. Then the volume of sharp focus was com-
puted for each lens to be .77 + .08, .25 + .03, and .17 + .02 cm3
for the 127, 90 and 50 mm lenses, respectively. The cloud instru-
ment, because of its one-second response time, averaged over a
volume of approximately (1.9 + .4)x10 3cm3 .
The results of computations with equation (3) are summarized
in Figure 11, where the liquid water contents computed are plotted
against values of the average liquid water derived from the flow
meter readings. The latter were corrected for non-uniform distribu-
tion of liquid water across the section by using the cloud instrument
responses (as illustrated in Figure 8) to estimate the liquid water
present in the volume photographed. There appears to be a systematic
dependence of variance on the lens used, which may be due to the combined
effect of a bias toward counting the large drops in an effectively
II ~__ I~_ ~ ~ _~_^~_II~_ I_~_ I I_~I _ _~__~II _ -~I -_III111I^. IX-~-l
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larger volume and the tendency to lose the small drops by smearing
out of the image because of the drop motion. The liquid water
contents derived from the photographs are well-correlated with the
values derived from the water flow rates, but the scatter from the
line of equality is about 6 and .06 times the flow rate values.
The largest part of the variance is probably due to sampling errors
resulting from small-scale fluctuations in space and time of the
liquid water concentration.
5. Graphical analysis of data to obtain calibrations.
The maximum and volume median diameters (the latter read
from Figure 10) were plotted against water flow rate for each value
of air pressure. Empirical equations were fitted to the data in
such a way that extreme values were generally enveloped by the
resultant straight lines for each nozzle air pressure. The results
are summarized in Figures 12 and 13. The empirical equations fitted
the data reasonably well except for the lowest pressure of 5 lb/sq.in.
The anomalous behavior of the data at 5 lb/sq.in. probably was caused
by settling out of the larger drops on the bottom bell mouth wall, which
was observed to be badly wetted by the spray. At higher air pressures
the wetting of the wall was negligible.
Then Figures 12 and 13 were used to obtain the maximum and
volume median drop diameters contained in Table 1. The data in Table 1
were grouped in 4 sizes and averaged as indicated by the zig-zag lines.
This grouping made the wind tunnel data more manageable in the graphi-
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cal construction of calibrations. The average galvanometer current
for each average liquid water content (determined from the flow rate)
and drop-size group were evaluated and plotted (Figures 14 and 15)
to give calibration graphs for the cloud and precipitation instru-
ments. Inasmuch as there was no systematic non-linear behavior
apparent within the accuracy of the data, straight lines through
the origin were drawn for each drop-size group. These lines are of
the form
= 'I (6)
where A is the current (in microamps), 4w- is the liquid water
(gm per cubic meter) and 3 is a function of'drop-size, different
for each of the two instruments. As shown on Figures 15 and 16 S
decreases with drop size for the cloud instrument and increases ..
for the precipitation instrument. From these lines the volume median
drop diameter as a function of cloud to precipitation instrument
current ratio was found and is given in Figure 16. With either of
the calibrations and Figure 16, volume median drop diameter and cloud
liquid water may be found from the two instrument readings. First
the volume median drop diameter is evaluated from the ratio of the
instrument responses. Then the liquid water content is found from
either one of the calibrations by the line on the graph corresponding
to the volume median diameter.
Empirical and theoretical instrument response efficiencies
are shown in Figure 17. The former are defined by the ratio of the
drop-size function *5 in equation (6) to its maximum value.
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Theoretical collection efficiency curves are also plotted for the
cloud instrument and a prolate ellipsoid close in size to the pre-
cipitation instrument. These curves are based on the computations
by Brun and Mergler (1953) and Dorsch, Brun and Gregg (1954). The
theoretical collection efficiency of the cloud instrument is shown
only for drop diameters less than 30 microns, because drops larger
than 30 microns tend as their size increases to be less efficient
in cooling the wire because of incomplete evaporation. For example,
drops 500P or more in diameter are larger than the wire and may be
sliced through with very little cooling effect per unit mass of water.
On the other hand, the theoretical collection efficiency of the
prolate ellipsoid is remarkably close to the response curve of the
precipitation instrument, since the slicing effect has been eliminated
by the ceramic backing.
6. Solution of the boundary value problem of the cloud instrument
in dry air.
The solution of the steady-state boundary value problem of a
wire heated by an electric current is given by Carslaw and Jaeger
(1959). The wire temperature gradient is assumed to be only along
the wire because of its thinness. The differential equation of the
heated wire is
w"- iC t dO (7)
where Y is the difference of wire and air temperature and the
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primes represent derivatives with respect to X , the distance
along the wire. The constants are
.239q 2 rw
w'K
and
where IL is the current in amperes, iwo the specific resistivity
of the wire in ohm cm at air temperature, W the wire cross section
area in cm2, o( the temperature coefficient of resistance in OC-'
h the turbulent heat transfer coefficient in cal cm'2sec - OC-l,
K the conductivity of the wire in cal sec-1 OC-1cm-l, and Q-,
the wire radius in cm. 'A is positive in the computations of interest.
The solution of equation (7) which satisfies the boundary
conditions 3=O, X = 0 o' L
is C
where L is the wire length.
The equation for the potential gradient along the wire is
a d sol tL (9)
and its solution
62E= f&;, 2oeC )L (10)
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Computations based on equation (8) and values of h derived
from empirical data given by McAdams (1942) are summarized in Figure
18. Table 2 contains values of h as a function of y and air
speed. For approximate computations both h and a< were assumed
constant. When y approached a value of 6000 C, the constant a<
was taken as zero, and an appropriate value of the resistivity ,w
substituted for tw, in equations (7) to (10). The numerical
values of the parameters contained in equations (7) to (10) are
summarized in Table 3.
Figure 19 gives a comparison of the computed curves of current
as a function of voltage with measured values. This comparison makes
the wire temperature profiles given in Figure 18 more credible. Note
that the wire temperature gradients in Figure 18 are mostly confined
to regions on the ends, 0.6 cm in length.
Therefore, in the case of the dry wire, the assumption by Neel
of a uniform temperature was quite reasonable. In the case of the wet
wire, however, as evident from the redness observed in a small region
near the center of the wire, the assumption of uniform temperature is
not justified. Nevertheless, for purposes of comparison with the
empitical tunnel calibrations, computations based on Neel's heat balance
equation have been carried out for both instruments.
7. Results of heat balance computations.
The equation for liquid water content as a function of current,
voltage, and wire temperature is given by Neel:
_1 _ _~ II1 I_~_~l____ r  ---- ------ --
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.23qlE hAsY (11)
/O VA rH V ,H
where I is the current in amperes, E the voltage, V the air
speed in cm/sec, Ap the projected area of the instrument on a
plane normal to the air flow in cm2, H the enthalpy of water at
air temperature in cal/gm, and A. the surface area of the wire
in cm2 . Equation (11) is based on the assumption that all the
water that impinges on the instrument evaporates. From wind-tunnel
measurements of I and E for zero liquid water and appropriate
values of the constants, the values of h were computed by the
writer to be .027 and .034 cal(cm 2 OC sec) - at air speeds of 50
and 90 m/sec, respectively, which agree with Table 2 well within
the 20% accuracy specified by McAdams for his empirical curve on
p. 221. The constants for both instruments are given in Table 4.
The liquid water contents corresponding to various values of
instrument current and the operating voltages (1.65 volts for the
cloud and 28 volts for the precipitation instrument) were computed.
From the resistances E/I the values of j were established by
reference to a resistance-temperature curve. Since the dependence
of 6 on temperature is rather weak, the dry air values already
computed were used.
The results of the above computations are superimposed on the
calibrations given in Figures 14 and 15. The evidence indicates very
definitely that all the water impinging on the instruments is not
- 22 -
levaporated, since the observed readings are less than the heat balance
computations predict. This is especially true for the precipitation
instrument. The computed heat balance curves are quite linear, which
agrees with the behavior of the tunnel data within their accuracy;
but they are strongly dependent on air speed. However, an examina-
tion of the tunnel data (not shown) did not confirm such a dependence.
Therefore the evaporation efficiency of the instruments must vary in
such a way as to nullify the air speed dependence. Such an effect is
physically quite plausible inasmuch as the water residence time on
the instruments varies inversely as the air speed.
8. A slight digression.
The development of a red hot spot in the middle of the cloud
instrument wire when exposed to liquid water has already been mentioned.
Similarly the precipitation instrument has also been observed to develop
irregularly placed red hot spots mostly towards the rear of the cone
when exposed to very large liquid water contents (the extremes used
in the calibration). The hot spots have already been related to
the tendency for water drops to ride on a cushion of steam over a hot
enough surface. An experiment has been performed with a heated plate
which indicates that the transition temperature from boiling with
intimate contact to compact spherical shape without contact of a water
drop on a hot plate is about 250 to 3000C.
The way in which the wire can be heated to red heat (about
9000C) at its center and still average cooler than the dry wire is
--9-LlllllsYI^-- I ^--- IC-I*-^X- _1I ~I.l-~L1I l . -111 1~11^ 1  -^ 1-_^._ _
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illustrated in Figure 20. The wire near the center, which is
above 2750C, is not cooled by evaporation. As the liquid water
is increased from zero the wire center begins to gradually glow
dull red. Then as the water flow increases the center glows brighter
and is more concentrated. At the extreme water flow used, the wire
sometimes was cooled so much that the red spot was quenched.
The quenching of the red spot was first noticed when some
calibration readings ran off scale. Sometimes during a measurement
the reading appeared on scale at first but then fluctuations forced
the galvanometer off scale. Apparently at extreme liquid water
contents the wire was in a metastable state which could be triggered
by the liquid water density fluctuations normally occurring in the
tunnel. After quenching the wire could be returned to the high
temperature regime only by drastically reducing the liquid water.
The wire at high liquid water contents was found inadvertently
to constitute a simple physical system which is a climatological
analogue. The two states of the wire may be looked upon as analogous
to an ice age and a warm age. The finite amplitude fluctuations of
liquid water content which trigger the system from one state to the
other are analogous to hypothetical fluctuations which possibly
trigger the earth's atmosphere from one climatological state to the
other.
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9. Accuracy and response times of the instruments.
In the calibration curves of Figures 14 and 15, the errors
are practically confined to fluctuations of liquid water content
in space and time. The error due to fluctuation of tunnel air
speed is at most + luamp. Therefore all calibration curves must
go through the origin. Some of the error may be the result of neglect-
ing the possible non-linearity and dependence on air speed of the
instruments' performance, but as already mentioned these factors were
not apparent in the data. Therefore the error analysis was based on
the standard deviations of the individual points from the lines as
drawn. The average standard deviations are 18% and 30% for the cloud
and precipitation instruments, respectively. The corresponding probable
errors are 12% and 20%.
On the basis of the above probable errors, the probable error
of the ratio of cloud to precipitation instrument response and hence
the probable error of volume median diameter can be determined. The
probable error of the ratio is approximately the sum of the errors of
the two instruments, which is 32%. By taking extremes of the ratio
based on its estimated error, an estimate of the probable error of
volume median drop diameter was established to be 29%.
The response times of the two instruments have been made amply
evident both from wind tunnel work and aircraft use. The cloud instru-
ment response time was found to be 1 sec (the time required to reach
63% of its full-scale value in response to a sharp change in liquid
~_II~ I
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water) and is entirely a function of wire diameter. The response
time of the precipitation instrument is more complicated in nature,
since its response is conditioned by the ceramic cone as well as
the wire size, and was evaluated to be 3 sec. This response time
may appear short for a large mass such as the ceramic cone, which
is quite apparent in the warm-up time of the instrument (considerably
larger than 3 sec); but actually the wire and the ceramic surface
immediately under it are most influential in establishing the response
time to changes in liquid water content.
_I__ ~_ ~____1_ ~ _ _I __~I~~_ ~___~ _1__1 L
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Table 1
Maximum and volume median drop sizes for various spray conditions.
(Broken lines represent grouping boundaries).
Pressure
b/sq.in.
Flow
cc/min.
117
174
230
287
414
545
5 10 15 20 30
Max 230 
Med 120
Max 245
Med 138
Max 260
Med 151
Max 277
Med 164
Max 310
Med 192
Max 348
Med 220
Group 1
204
100
220
122
230
136
245
150
310
218
(Max 283
Avg
IMed 173
160 135 104
80 68 54
174 145 110
97 82 66
185 155 120
108 92 74
195 165 130
120 102 82
220 185 145
147 126 102
250 210 165
174 150 120
Group 2
(Max 195
120
40 60 80
85 65 50
44 34 28
95 70 55
56 43 36
100 75 60
62 48 40
105 80 65
70 54 46
123 95 75
86 68 58
140 108 88
102 82 70.
Group 3
Max 110
Avg
Med 70
Group 4
Max 64
Avge
Med 42
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Table 2
h in cal/cm2 oC sec as a function of airspeed and wire temperature.
y/air speed
00C
200
400
600
800
1000
48 m/sec
.025
.027
.029
.031
.033
.034
90 m/sec
.035
.037
.041
.043
.046
.049
Table 3
Values of constants used in equations (7) to (10).
h = .027 (air speed 48 m/sec) h = .037 (air speed 90)
cal/cm2 oC sec
K = .067 cal/sec cm OC
0( = 7.0 x 10-3
r .. = 2.06 x 10 - 5 ohm cm
L = 4.1 cm
a.= .0255 cm
W = 2.06 x 10 - 3 cm2
r. = 5.3 x 10-5 ohm cm(S(-O)
Table 4
Constants used in equation (11)
H = 580 cal/gm
Cloud instrument
As = .659 cm
2
Ap = .209 cm2
h = .027 (air speed 50 m/sec)
V = 5.0 x 10 3 and 9.0 x 103 cm/sec
Precipitation instrument
34.4 cm2
20.2 cm2
.011 cal/cm2 oC sec
oI It II
" 7 " ) .016
- Ill.
" = .034 ( "11
ig
Figure 1. From left to right are shown the 28 volt precipitation instrument
and the 2 and 28 volt cloud instruments.
Ammeter
o0- 25 omps.
Figure 2. Cloud instrument bridge circuit.
Voltmeter
o- 30 volts
28 volts Ammeter
0- 25 amps
Figure 3. Precipitation instrument bridge circuit.
I _ 1~ __I 1I1_~ ~L__X_ _LI~__11_Xnyi~ __~
Figure 4. Duplicate nose and cabin installations of liquid water content
instruments on Woods Hole C47 aircraft.
MOUNT MOVABLE
IN TWO DIMENSIONS ACROSS
TUNNEL
HOT WIRE
Figure 5. Cloud instrument mounted in tunnel test section.
Camera
Figure 6. Shadowgraph equipment mounted to photograph spray drops in tunnel.
Flash
unit
Figure 7. A shadowgraph of spray drops at center of tunnel cross section.
(Original magnification 3.5X, enlarged approximately 2X).
Air speed 123 knots
Water flow 108 cc/min
Avg. liquid water content 1.76 gm/m 3
Air pressure 12 psi
Avg. deflection 5.2mamps.
Max. drop diameter 240,
2 3 4 K
il17. 7 1 17 I 7 7 I
Air pressure 80 psi
Avg. deflection 9.8 amps.
Max. drop diameter 35,q
0 1 2 5 2
I 6 10 10 2
6 12 12 14 5
13 16 15 16 7
I 2 2 5 3
I 2 3 4 5
Tunnel
wall
Water flow 414 cc/min
Avg. liquid water content 6.75 gm/m 3
Air pressure 12 psi
Avg. deflection 14.6 pomps.
Max.drop diameter 450A
0 0 0 0 I
2 4 2 3 -1
10 32 24 21 8
10 30 30 36 8
-3 -I - 7 4
2 3 4
Air pressure 80 psi
Avg. deflection 22.9 omps.
Max.drop diameter 160,u
0 4 4 9 2
4 21 30 24 I
13 38 44 44 10
26 44 43 43 18
4 10 6 10 6
I 2 3 4 5
Figure 8. Examples of cloud instrument data obtained at the Hanscom Field
spray tunnel. The numbers are bridge current readings in microamps
at grid points in the tunnel test section for four different
combinations of water flow and air pressure.
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05, _o _ 127 mm LENS
S0 90 mm LENS -
A 50 mm LENS
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WEIGHTED AVERAGE LIQUID WATER CONTEN T FROM INPUT FLOW
Figure 11. Comparison of weighted average liquid water content with values
computed from shadowgraph drop counts.
500
0 5psi 5psi
S ~o10
015
400 - A 20
030
A 40
-t--- 5psik 60 10psi
K300 - 80
..... 15 psi
k 200 - ps
-40psi
100- 60psi
10080psi
gb 8 12 12.5 16 20 sbl2 12.5 16 20
0 1 . 1 1 1 I l i  0 100 200 300 400 500 600
WATER FLOW cc/min.
Fig. 12. Maximum drop diameter of tunnel spray from shadowgraph pictures as
a function of water flow input and nozzle air pressure. Data fitted
subjectively with equation
S .79W + 655 
- 332ama
x  
-33
where W is water flow rate in cc/min and P is air pressure in
lb/sq.in., except for pressure of 51b/sq.in.
g_ ~_*_jl l_ LIl ~_______1_1~_ 1.._.
0 2 4 6 8 10 2 14 16 18 20
LIQUID WATER gm/m 3
Figure 14. Calibration of cloud instrument over air
176 knots.
speed range from 95 to
LIQUID WATER g/m 3
Figure 15. Calibration of precipitation instrument over air speed range
from 95 to 176 knots.
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Figure 17. Instrument response efficiency as a function of volume median drop
diameter.
" //
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1 2
X cm
Figure 18. Theoretical temperature profiles of cloud instrument hot wire
in dry air.
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Figure 19. Comparison of computed and observed current-voltage
relationship for dry cloud instrument.
X /N cm
Figure 20. Hypothetical temperature profile of wet cloud instrument hot
wire as compared with corresponding dry wire.
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PART II
Dynamics of Cumulus Convection
1. Historical introduction.
Theoretical analysis of cumulus convection essentially
started with the "parcel" concept, which is still very much with us
in meteorological thermodynamic charts and in many textbooks on
meteorology. More recent developments in cumulus convection have their
origin in the work of Stommel (1947, 1951) and Houghton and Cramer
(1951) on entrainment in cumulus clouds. The impetus for Stommel's
work came from aircraft observations of trade-wind cumulus by McCasland
and Woodcock during the 1946 Wyman Expedition to the Caribbean -
summarized in a monograph by Bunker, Haurwitz, Malkus and Stommel (1949).
In Stommel's work and some of the later work, the cumulus cloud
was modeled as a steady-state jet. In contrast, Scorer and Ludlam
(1953), while accepting the entrainment notion, proposed a "bubble"
model for convective elements. This was based on impressions gained
from conversations with glider pilots. Scorer (1957) combined tank
experiments and dimensional analysis to arrive at a rational development
of the "bubble" or "thermal" model in a neutral environment. Both the
steady-state jet and "bubble" models are essentially modified parcel
theories, which allow for mixing of the parcel with environmental fluid.
Concurrently with and following Scorer's tank experiments, others
performed more detailed experiments. In particular Woodward (1959) and
Saunders (1962) used neutrally buoyant particles to demonstrate the
detailed flow in and around a buoyant tank element. The flow was remarkably
- 50 -
like Hill's spherical vortex. Turner (1957, 1963) explored the
behavior of buoyant vortex rings and in later experiments introduced
the equivalent of latent heat release.
An additional variation on the experiment theme was introduced
by Malkus and Witt (1959) in their numerical convection experiments,
which was followed by similar and more carefully-done experiments by
Ogura (1962, 1963) and Lilly (1962, 1964). All the numerical experi-
ments had certain features in commnon, namely, (1) use of the equations
of motion, continuity, and thermodynamics, (2) an assumed eddy coeffi-
cient of viscosity, and (3) assumptions concerning the initial con-
ditions. In general the numerical experiments do not support the
existence of bubble-like elements in a conditionally unstable atmosphere,
but neither do they support the steady-state jet model. Ogura's
experiment in particular appears to lean more towards an expanding
jet with a mushroom-like structure.
An alternate form of numerical analysis has been based on the
assumption of some sort of steady-state jet or "bubble" model circula-
tion. For the steady-state jet model, computations have been made on
the basis of continuity, thermodynamic, and buoyancy conditions averaged
over the jet cross section. The prototype computation has been that
of Houghton and Cramer followed by Haltiner (1959), and Squires and
Turner (1962). In the case of the bubble model, a simple form such
as a sphere has been assumed for an isolated element rising under the
influence of buoyancy resulting from the effect of condensation and
some assumed law of entrainment. Examples of such computations are
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those by Ludlam (1958), Levine (1959), and Mason and Emig (1961).
The above numerical analyses may be designated as parametric entrain-
ment models.
In general all the theoretical work is based on the same basic
equations of motion, continuity, and thermodynamics; but the complex
interactions involved make the isolation of unique boundary value
problems impossible. Therefore each school of thought has tended to
develop approximate techniques and notations with only a superficial
regard for each others' work. An attempt will be made in the following
sections to bring some sort of unity into this work.
Possibly the tank experiments with the various forms of buoyant
blobs and jets have been most helpful in giving physical insight into
the forms of turbulent motion assumed by transient buoyant fluid impulses
in a neutral or stable environment, but the problem of extrapolating
laboratory experiments to extremely irregular cumulus convection is
not at all a simple one.
The numerical experiments by Ogura (1962, 1963) appear to have
been most effective so far in yielding some insight into the form that
atmospheric convection elements tend to assume in neutral, stable, and
unstable environments. Yet even in Ogura's numerical experiments the
conclusiveness of the results is limited by the assumption of a constant
eddy viscosity coefficient and the limited grid network dictated by the
limitations of machine capacity. A feature of Ogura's work (1962),
which makes his later results credible is his success in partially
reproducing the detailed behavior of buoyant elements in tank experiments..
. -- 11I^--II II1_I ~LI _~I -- I I--- _ ._1 -.--II ~^-~)---- --~I_ __ II I_^__
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#2. Comparative analysis of tank experiments in terms of the author's
bubble model.
Instead of treating the various parametric entrainment models
in chronological order of introduction, the simplest mathematical
treatment is taken first. The analysis and notation advanced by
Scorer (1957) has been adopted by others largely due to its simplicity
and empirical success. By dimensional analysis Scorer deduced the
equation
W2  C2gBr (1)
for the vertical velocity W of. a thermal where C2 is essentially a
Froude number, g the acceleration of gravity, and r the radius of
largest horizontal cross section. B is the average buoyancy defined
as the ratio of average density excess to the environment density.
In tank experiments the outline of the model thermal was usually
followed by the dye contained in it. Therefore, although the buoyancy
decreased with time, the product of buoyancy and volume BV was con-
served so that BV = BoVo , where Bo and V0 are the initial buoyancy
and volume, respectively.
By setting W dZ where W is now considered to be the vertical
dt
velocity of the center of mass of the thermal and Z its vertical
coordinate, Scorer derived the equation
t = kZ2  (2)
by integration of equation (1). The constant k is given by
__ _~_I~ _~ ____~ ~__I I~_
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k = m /2nC(gBoVo) (3)
where m and n are constants by virtue of the assumption of similarity.
The constants m and n are constants of proportionality with the
equations
n -
r
and
m - V
r
Obviously if m, n, and C are constants, then k(BoVo) is a constant
and the constant
mk
2nk(BoVo)
Thus the combination of Scorer's dimensional analysis and assumption
of similarity defines the thermal's behavior entirely in terms of a
simple constant parameter n.
Scorer's analysis may be very simply shown to be the equivalent of
the writer's 1959 analysis in which he assumed rates of mass entrainment
and detrainment, K. - and Kd W , respectively. From the conservationPe r
of mass constraint on a spherical thermal and these assumed mixing laws
the writer derived the equation
dr k e-kd
- = e W. (5)
Iot 3
Integration of this equation yields the linear equation
r e - (6)
I _ _~I~ ~ I I _ _1~X-II-X-1III--X~-^II .~~
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where ke and kd are coefficients of entrainment and detrainment, res-
pectively. For the tank experiments in a neutral non-turbulent environ-
ment, the detrainment parameter is probably zero, and we can then relate
ke to Scorer's n
ke 1
-9
3 n
considering r >> ro
(For a turbulent or stable environment the introduction of kd may be
appropriate, however.) Then an equation for the conservation of momentum
was written essentially as
01 ,+o< M3 M B - ./%I Wr (7)
dt"
where M is the mass of the thermal element and Q( is the apparent
mass coefficient due to acceleration of the surrounding fluid. (Relative
acceleration of the internal fluid is neglected.) The viscous drag on
the thermal has been assumed entirely due to turbulent mass exchange between
the thermal and static environment. Then since
M =(-(8)
Ct
equation (7) reduces to
1W - , = ? o W (9)
In the case of the tank thermals the equation for conservation of
buoyancy may be written as
-MB -1 (10)
dt IC1
__ 11_^_-.~11 1- I _ ^~ _.- 1- P-^^~-11_~ ___^____---i ~~
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which by equation (8) reduces to
-- =- WE
Then.since _
equations (9) and (11) may be written as
equations (9) and (11) may be written as
LW
--x a
(11)
(12)
-B r r
1+-< r
and
c /_ e"
In the case of a neutral environment (kd = 0) the solution of
equation (13) is by substitution from equation (6)
(13)
(14)
where 3 h F
5 1+3 t.
Substitution of equations (14) and (6) in equation (12) makes possible
its integration so that
(,[1- Call
Now to compare equation (15) with Scorer's equation (1), we set
Wo = 0 and neglect the f-term, which is justified if -~ ± 1.3 ve;
.Substitution from equation (14) for Bo in equation (15) results finally in
W = 33 r (16)
2( +,) ke
(15)
1~-_~_111~ 11.. .I--^..I .^..
3 13o
WZ w'= 2
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This is of the same form as Scorer's equation (1).
For a sphere, c< is (Menzel, 1960, pp.228 and 229), so
that the coefficient C2 of Scorer's equation (1) by comparison with
equation (16) is A~e = /3 . According to Scorer's (1957) experi-
ments, 11 is-approximately 4, which gives us the values fg = .75 and
C = .11.33 = 1.15. This agrees well with Scorer's experimental evalua-
tion, C n'1.2. Therefore the tank experiments are consistent with
the assumption of oc = and of a spherical shape. (A similar but
not as detailed analysis was performed by Saunders (1962) in con-
nection with his analysis of experiments on the penetration of a
stable interface.)
Equations (6) and (15) may also be applied to the non-buoyant
puff in the experiments described by Grigg and Stewart (1963) and
Richards (1965). The buoyancy equation (14), of course, is dropped
and equation (15) reduces to
W = Wo (15')
3. Internal circulation of a thermal.
The writer has derived considerable physical insight into the
nature of the circulation developed in tank thermals from looking at
many of the unpublished experiment photographs taken by Dr. P. Saunders
and from some simple experiments of his own with potassium permanganate
solutions in a neutral environment. All of the above experiments had
gross features in connon. The initial density distribution was rapidly
L__ l _.~IX- -__l-~.~___I
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reformed into a bowl-like structure. In Dr. Saunders' streak
photographs, the associated circulation appeared to be organized
into a spherical vortex-like circulation with the dense bowl-shaped
fluid concentrated at the leading surface of the thermal, as drawn
by Scorer (1957). The streak photographs also indicated that the
level of internal small-scale turbulent motion was at least an order
of magnitude smaller than the vortex motion and the vertical trans-
lation of the thermal. In the later stage of development a ring of
relatively dense material appeared to be concentrated at the ring
vortex axis. Furthermore the vortex circulation appeared to be very
rapidly organized just after release of the buoyant material and
remained constant or increased slowly thereafter.
In the numerical experiments performed by Malkus and Witt
(1959), Ogura (1961, 1962), and Lilly (1961, 1962), an eddy viscosity
was introduced arbitrarily which was assumed constant except by the
last author. Obviously the introduction of mixing parameters in the
"bubble" models discussed in Section 2 must imply some sort of eddy
viscosity. An approximate analysis can be performed to establish a
relation of the mixing parameters ke and kd to an eddy viscosity.
This may make possible a less arbitrary choice of eddy viscosity in
future numerical experiments.
In tank experiments with a neutral environment the isolated
thermal or puff is essentially a turbulent mass of fluid moving and
spreading into a non-turbulent environment. Turner (1963) has provided
us with a study of buoyant thermals moving into neutral turbulent
L~II -II-I_~II~ _-.-. III
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-surroundings. This corresponds to the case of kd > 0. In both
cases there is an average internal gradient of velocity and buoyancy,
but in a still neutral environment there is no average gradient out-
side the thermal or puff. In a turbulent environment an average
externhl gradient of velocity and buoyancy is induced.
The average eddy fluxes of momentum and buoyancy out of a
thermal or puff are related approximately to the average internal
shear and buoyancy gradients by
% = -_ e- (17)
and
Fe e r (18)
respectively, where ,Ake is the internal eddy viscosity coefficient
and ke the internal eddy diffusion coefficient. Since in a coordinate
system moving with the thermal the average air velocity of the sur-
rounding air past it is -W, the eddy flux of momentum into the thermal
of mass I p
may be written as
MW W 'be rwA
e - the r o (19)
where ke represents the rate of entrainment. Similarly we obtain
Al B w *f W. (20)estp w
9 iv
_ I- II --I-;,.
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By elimination of Le and /- from equations (17) and (19)
and equations (18) and (20)
,e = e- e rW (21)
which is the internal eddy transfer coefficient.
Similarly the external eddy fluxes are
cL-A r (17')
-"d V (18')
Ld"- dPW (19').
and
Fd P ;3 W(20')
where f represents some fraction less than one. fW and fB represent
.the average external velocity and buoyancy established by the external
turbulence. The external eddy transfer coefficient is then
K . (21')
The eddy transfer coefficients are also related to the Reynolds
number of the flow defined as
S-/opw (22)
where /( is the molecular coefficient of viscosity. By elimination
of W from equations (21) and (21') with equation (22) we obtain
'"e = / Ae#Re
and
~_ II^___ _II __ Lml_ ~_I _rX^__ ~~~_I _IL __ ~_ ~^~__ 11^1_
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4. Extension of the bubble model to cumulus convection.
The bubble-model as already described is very easily adapted
to dry convection in an atmosphere of neutral stability and is equiva-
lent to an analysis developed by Priestley (1957). However the problem
of extending it to cumulus convection is complicated by the condensation,
drop coalescence, and precipitation processes. Ludlam (1958) made an
attempt to adapt Scorer's equations to a spherical bubble-model of a
cloud element. Ludlam's treatment was essentially an estimate of the
buoyancy of a bubble by interpolating between a saturated environment
sounding and the behavior of an adiabatic parcel. The writer's previous
treatment (1959) was an attempt to arrive at the buoyancy of a bubble
more exactly as a consequence of the particular entrainment law assumed
therein. A revised and corrected version of his development follows.
To simplify the analysis, the environment of the bubble is assumed
to be saturated and to have a temperature lapse rate intermediate between
a dry adiabat and a moist adiabat. This environment can be thought of as
the residual cool cloud surrounding the bubble (see Figure 1). The dif-
ference between the environment potential temperature Ge and the potential
temperature 9m of the moist pseudo-adiabat intersecting the environment
sounding at cloud base is assumed to be a linear function of height:
e = e -e = e 'Y Z (23)
8 is the average 0e over the total depth of bubble penetration.
e
Equation (12) carries over into the atmospheric bubble model,
but with
1 9- - (24)
_ __ I__(__~_I__l~ ~ IC _lrX_~lp^__ll___1_11~-n1_
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where A 9 = 1 - e , 9 is the average potential temperature
inside the bubble, - is the liquid water mixing ratio, and
£1-= -- 4 . Equation (13) is replaced by a conservation of
entropy equation
o Z r (25)
where / is the average entropy of the bubble, A4) = -
and e is the entropy of the environment.
The entropy of saturated moist air, neglecting the specific
heat of liquid water, is related to the potential temperature- 9 and
mixing ratio x by the equation
4-= 8 Co + - ) (26)
where C is the specific heat of air at constant pressure, T the
absolute temperature, L the latent heat of vaporization, and the
subscript nought represents some arbitrary reference level of entropy
such as its value at cloud base.- We define the dimensionless variable
l as
(27)
where pe is the environment pressure, po the pressure at cloud base,
and R the gas constant for air. Then the equation for potential
temperature is
S= . (28)
and the hydrostatic equation takes the form
_
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t =l _ 3 (29)
c? CPO
Substitution from equation (28) in equation (26) and differ-
entiation at constant 1 leads to a formula for Z :
C Lax Lx+ - _ ' (30)
The derivative of equation (26) with respect to Z is by virtue of
equations (28) and (29)
d& Cde L +r Lx L de
d - o eq -- E) W-- (31)
The integrated form of the Clapeyron-Clausius equation, which
relates X to 9 and q may be written as
C -L/R G
X= L/e (32)
where C' is an arbitrary constant and Rv the gas constant for water
vapor. Differentiation of this equation at constant f results in
xL
and its derivative with respect to Z determines as a functiondz
of @ and Z.
c. ty + _LL (34)
Substitution of equation (33) into (30) and equation (34) into
(31), followed by substitution of equations (30) and (31) into equa-
tion (25), produces the differential equation for potential temperature
_I 1 _1^11 I_ I _
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difference 6 0:
Signifies the quantity
cdLG,/a signifies the quantity
cL~e
C +LC--ii7?~h(.R,,~i1 K
L "e _
cLe
(35)
(36))
where the subscript m represents values on the moist pseudo-adiabat.
A similar process leads to the mixing ratio differential
equation:
S- 3 Y (37)
where X is the bubble mixing ratio, ZX - eI2 4=
70 d K , and
If q 0 -fillL e P"Cn T
The liquid water conservation equation may be written as
dCAU Le- d -L'C
- Al i 1e - /I ')d-z Y1'
(39)
where T represents the rate of loss or gain of liquid water through
precipitation (positive for a loss and negative for a gain). Substitu-
tion of equations (37) and (8) into equation (39) results in
d- 4 (40)
d- Ke
Ii2 (38)
__ ^I _--l--LIIII~------ I .I--1-I-----i_ --~L-1_1 .I-(--~-~-I . -_I_
' -n)~)r,- . + "
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where = - The parameter , is intertwined in a
complicated fashion with the mechanism of drop growth by condensa-
tion and coalescence and the interaction of drops with the air
motion.
The system of equations (35), (37), (40), and (12) may be
integrated exactly by numerical methods with a computer for a given
environment and a given 'Y . However approximate bubble model
formulae for the behavior of aZO , AX , i , and W may be
derived if the following assumptions are made:
(1) AdJ,*k -4 ,, Y 4' and ' are constant.
(2) Set 9e = e in formula (24) for B . In an environment
for which Y is a constant, 'Y and -3 are not strictly speaking
constants; and Y, is even less likely to be constant. However, as
will appear later the errors introduced by the above assumptions
are probably well within the accuracy of the data with which the
formulae are to be compared.
Subject to the above assumptions the solutions of the bubble-
model differential equations have the following forms:
Case I kd =
_3 3, -36e + ft---- (41)
-mUI-~l~- I" rlllrrrr- . -~--~--a -  -------- i~-ur^.-r-. _ ..,
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(Ctl
-j
3The initial values of X and havebeenassumed to be ero
The initial values of 6X and have been assumed to be zero.
For large these solutions take the simpler forms (the values of
for which they have an accuracy of 5% are indicated):
1e - - , >2.7Si~ ke
>,2.7
032
Case II. kd = kd- e
LSc
.ii+, e
('e
-C C- C 'A )- C4 Yi-e CC ae ) C4r(1f
(44)
(41')
(42')
(43')
(44')S>. 2.1
"Y o* (-e
C e )- + -e )]
[e
e
(45)!
(46)
(47)
(I- C
I
e - C) -c
(48)
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As in Case I asymptotic forms of the above equations for C large
may be written with approximately the same accuracy as follows:
e y.-.,I> ¢ f3 (45')
(47')
W (46')
Case III. The adiabatic parcel where
kd i ke = 0.
q __+1 (52)14/ + A ,
The large scale physical context in which the foregoing
formulae are to be viewed is essentially that described by Riehl
(1954, pp. 63-70 and 150-153). The source of actively buoyant cloud
masses is supposed to be the turbulent sub-cloud layer. The bubble
model is intended to represent more or less the turbulent motion
spectrum of the buoyant part of a trade wind cumulus cloud, at least
in an average sense. The bubble environment is considered to be the
turbulent relatively cool saturated residue left behind by buoyant
bubbles that have lost their buoyancy by penetration into the
~ _I_ __ 1_ _ _YII_ _I~_II__X1III_._~--~-X ~^lli-- l I I
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surrounding clear environment. The cool cloud environment has an
unstable lapse rate compared to a pseudo-adiabat, but the clear
environment has a stable lapse rate possibly slightly less than that
of the cool air somewhere between the moist pseudo-adiabatic and the
dry adiabatic. The maximum height of trade wind cumulus tops prevalent
in a given area is inferred to be an index of the strength of large
or meso-scale subsidence. Thus the cloud lines and clusters which
occur in the trades and the so-called cloud layer may be looked upon
as in a statistically steady state fed intermittently by buoyant
masses ("bubbles"). The intermittent supply of buoyant rising air
from the sub-cloud layer may be compensated by a less energetic inter-
mittent descent of air from the cool cloud mass.
In the presence of large scale convergence the cloud layer
probably extends to the tropopause and the conditional instability
parameter 'Y approaches zero. For example at a zone of equatorial
convergence or in tropical disturbances (easterly waves and hurricanes)
the cloud layer has been found to have a moist adiabatic lapse rate
within the accuracy of observation (Malkus 1958, 1960). Thus in
tropical disturbances the vertical turbulent motions in the cloud layer
may be dominated by initial impulses from the turbulence generated in
the sub-cloud layer and therefore may, except in hurricanes, be less
vigorous than the most vigorous buoyant motions generated in regions
of large scale subsidence.
_ __ _1II_1 _s~ _ _ _I ~I_1II~~1 -- plll--LI_
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5. Discussion of the precipitation parameter.
The precipitation parameter 7 lumps together a complex
combination of interacting physical phenomena. First of all the
initiation of condensation on nuclei is involved in the early stages
of cloud development near cloud base where the initial drop size dis-
tribution is established. After the initial phase no new nuclei are
activated (see Fletcher 1962, pp. 122-159). However, after a large
percentage of cloud drops become larger than 40 1 in diameter,
coalescence becomes an important factor. All three of the above
stages of cloud formation have been dealt with quantitatively by various
people whose theoretical and experimental work is summarized in the
general texts on cloud physics by Mason (1957) and Fletcher (1962).
The interaction of droplets with turbulent motions within clouds
has not been studied. However actual measurements of cloud drop size
distributions appear to be broader in general than simple condensation
computations indicate (Fletcher, 1962). Therefore turbulence may be
an important influence on drop size distribution. The initial activa-
tion of nuclei may not be uniform in a cloud element generated by a
turbulent impulse from below cloud base, since the number of nuclei
activated depends on nucleus size distribution and vertical velocity.
In the body of a cloud the form of a positively buoyant element
must also have an important bearing on the behaviour of Y . For
example, a bubble-like element surrounded by air with a relatively low
liquid water content must lose its liquid water by precipitation mainly
through its lower surface, whereas a cross-sectional element of a
__ __ _^^II___ ~_~_1~1~^ 11_1 _~^ 1 4111~-- 1~ 11~y_
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steady-state jet may gain liquid water from above, as well as lose
it to the jet below. If the jet is bent over by wind shear, the loss
of liquid water from the jet by precipitation may be much greater
than in a vertical jet.
An approximately quantitative discussion of the behavior of
p/ , may be made on the basis of the fall speed q of the volume
median drop size. For a buoyant bubble the rate at which liquid water
is being lost is *r, u where /O, is the average settling rate
per unit area for a given volume median drop size and /1 is the air
density. The effect of the environment liquid water is neglected,
because it is generally relatively small. The rate of change per unit
time of - due to precipitation is obtained by dividing by 3 If
which is
- - (53)
and therefore
S----- (54)
Since in the observations to be described later only the liquid
water content and volume median drop diameter can be derived from the
hot wire instrument system, no information concerning the breadth or
details of the drop size distribution is available. Therefore a very
simple model drop-size distribution must be used to arrive at some rough
estimate from the observed data of the collision efficiency and the value
of the precipitation parameter.
A simple straight line drop-size distribution model like the one
_ _^ ~~__I~_~_^X___ ~I _ __~ 1 _^_ 1 11__~ 1 ~ _-----_
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used in the reduction of the shadowgraph pictures will be assumed,
but without a kink in it (Figure 2). Let am represent the volume
median radius, and let N1 and N 2 be the number of drops per unit
volume less than and greater than am, respectively. Also let amax
be the maximum drop radius. Then the linear drop size distribution
function in terms of number/cm4 may be written in the form
2(/-N. -(55)
where a is the variable drop radius.
Then by multiplication of equation (55) by - i7a.cla and
proper integration, the liquid water is evaluated as
.IleT / Lm(56)
and
( (56')
where is the density of water.
Elimination of a from equations (56) and (56')finally
results in
m = /0 . - --- (57)
The relevant solution of this equation is approximately
a. =- 68o (58)
The ratio of N2 to N 1 is determined by multiplying. equation (55) by
cd,, and integrating it from 0 to am
V : .110 (59)
__~_llr ~l_~ _I__~l________rl~ --- -L--LI I --
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This broad drop-size distribution is consistent with what
has been observed by others, and may now be applied to the bubble
model to relate a coalescence efficiency parameter E to the ob-
served volume median drop size and liquid water content. The coales-
cence process is now modeled by drops of volume quartile radius
a2 = .84 ama x falling through and collecting drops of volume quartile
radius al = .55 amax. We may also remark that the entrainment process,
by introducing small drops from the environment, would tend to counter-
act their removal by the coalescence process, thereby keeping the
distribution broad.
The equation for the rate of mass increase of the drops 'of
size a2 may be written as
(wd m a ) (60)i
where m2  is the mass of a drop of radius a2, E the collection
efficiency of drops of size a2  for drops of size al, /, the air
density, and LL and Lt I are the fall speeds of drops of size a2
and al, respectively. An equation of the above form is given, for
example, by Fletcher (1962, p.161). With the aid of the assumed model
drop-size distribution and observed values of volume median drop size,
numerical values may be given to all the quantities in equation (60)
except E, for which it can be solved. Thus E may be estimated
from the proper observational data.
II _ _
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6. Comparison of bubble model with steady state jet model.
Turner's (1962) starting plume experiment furnishes a laboratory
analogue for the steady state jet model just as the isolated thermal
experiments do for the bubble model. The starting plume in neutral
surroundings has a linear law for Y as a function of i as does
the isolated thermal. According to Turner, the top of the starting
plume has a circulation like an isolated thermal, but the resemblance
is somewhat superficial as will become apparent from the following
mathematical analysis. Let 6/0 be the mass of a cross-sectional slab
cut out of the plume (see Figure 3) by two horizontal planes a distance
bZI apart. Then
where Y is the radius of the slab. The conservation equations are
written in a fashion analogous to the bubble model as follows:
the conservation of mass
_L LLM 4 (62)'
the conservation of buoyancy
.B200 =o, (63):
d---
the conservation of momentum
w OLWAM B (64)
The hydrodynamic mass coefficient c< is omitted, because
the plume is in a steady state except for the plume top.
Equations (61) and (62) may be readily converted to the form
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I d AZ 4 2 cd r le (62')
Z d r j-e r
There is also a kinematic constraint on 6 7-, since each element
of mass A M is constrained to be the bottom of the one above it.
The vertical velocity of the top with respect to the bottom is
d W
-Ct A- or
Lt 
cL
which by virtue of the relation -- =W becomes
_ __ t z-- (65)
Substitution of equation (65) in equation (62') transforms it to
S _W -3 -r 
_ (62")
W Ot -7
the solution of which may be written as
/' (66)
where -d and the subscript nought designates the
values of variables when Z is zero.
Equation (63) may be transformed by substitution from equation
(62) to
S - (67)d-
which has the solution
-(68)
8= a, (68)
___ ~ _I^I ___I__CIIYILII^ll --_-Y-~~^I~I-LI~II~ -----^-
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The conservation of buoyancy in the plume may therefore also be
stated as
W2-r '1 a W. V;3 (69)
(obtained by eliminating from equations (68) and (66)). Equation
(69) is one of the equations used by Turner in his discussion of the
starting plume.
The conservation of momentum equation (64), upon substitution
from equation (62), becomes
Ot a (70)
The integration of this may be indicated as
W~w 0 +,o= P (71)
a
Now let the presumed linear relationship of r' to i be
written as
,- ~+Ce (72)
where, according to Turner (1962), C = .18 . We square (66) and sub-
stitute from equations (71) and (72) for W2 and " to get
(+c-,) i+~ (73)
In the case of a plume without buoyancy (i.e. Bo = 0), this equation
reduces to
+ o (74)
ft
which .implies ke = C.
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In general when Bo  is riot zero, equation (73) can be
satisfied for all values of WO only if ke is some unknown
function of t . However, if ke is assumed constant equation
(73) reduces to
1+l+C 1 -
uI+C7 ) (73')
29t~g s r)o 30 15+
where S . This is valid for all 2 only if (S
and ke - C. Thus ke for the starting plume with buoyancy is
3
much less (.30) than for the isolated thermal (.75). As stated by
Turner the starting plume has a lower value of ke , since it shields
itself from mixing with the environment.
The main difference between the bubble model and the starting
plume is the kinematic constraint placed on the motion by equation
(65). Under conditions of decreasing buoyancy and vertical velocity
as a function of 2 , the height AR of an element of the jet tends to
contract in spite of the broadening effect of entrainment. Hence there
is a tendency to compress turbulent elements in the jet together vertically,
and it is not readily possible to look upon the laboratory model jet as
a system of bubble-like elements following each other in rapid succession.
The starting plume model will not.be extended to the atmosphere as the
bubble model was in Section 4 because of the complications arising from
the kinematic constraint expressed by equation (65). However numerical
methods as used by others could be applied.
__ _ ~ _~ 1_1~ _ _____I__
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7. Extension of experience gained from tank and numerical experi-
ments to cumulus convection.
In the trade wind cumulus the buoyancy and vertical velocity
tend to increase for a considerable portion of the cloud depth
whereas in most of the tank experiments the reverse is true -
except for a brief interval just after release of the buoyant fluid
when the vertical velocity is increasing. Turner (1963) did perform
experiments in which the release of buoyancy was modeled by a chemical
reaction accompanied by the release of gas bubbles and concluded that
the release of buoyancy did not change the nature of the motion sig-
nificantly. Yet Ogura (1963) in his numerical experiments, which
took into account the effects of pressure and the release of latent
heat in a way more closely resembling conditions in a cumulus cloud,
obtained patterns favoring an elongated vertical jet-like configuration
expanding horizontally and vertically rather than either the compact
bubble-like thermal or the starting plume. Therefore the combined
available evidence from laboratory and numerical experiments is incon-
clusive at present.
As already indicated in the analysis of the starting plume, the
kinematics of the motion with decreasing buoyancy and vertical velocity
makes it conceptually difficult to replace the starting plume by an
equivalent rapid succession of bubble-like elements. However in the
case of the trade-wind cumulus the increasing vertical velocity with
height at least poses no kinematic difficulty in representing a cloud
system such as a cloud line or cluster as an aggregate of buoyant
bubble-like thermals immersed in a turbulent cool cloud matrix with a
~_1XX_~_ _1_1_ __ II __ __ _~I__ ~ ___1~1~1~ _1 ~ ___~ L_^_I1~ ~C__^l __
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relatively low liquid water content and volume median drop size.
The more energetic intermittent impulses of buoyancy and vertical
velocity in the sub-cloud layer may play the role of the cup of
buoyant fluid in the isolated laboratory thermal.
If the bubble-like elements are sufficiently frequent and
their spatial density sufficiently great, they can interact with each
other and the relatively cool environment to force a jet-like circula-
tion which contracts with increasing height in association with an increase
of vertical velocity. A cloud system which has grown sufficiently in
size and intensity may possibly form a contracting lower jet and break
through into dtier air aloft to form an upper expanding jet with
decreasing vertical velocity. Such an upper jet may be more accurately
modeled by the starting plume than by a conglomeration of isolated
thermals. When an upper jet has reached the tropopause, the overall
circulation may be similar to that assumed by Squires and Turner (1963)
in their steady state jet model of a cumulonimbus cloud.
91~~1 _ ___ _~_~~__ _ ^I_ I_ I___~_~ Il~C
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Figure 1. Schematic representation of environment sounding plotted
on tephigram.
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Figure 2. Model drop size distribution for collection efficiency computation.
ZFigure 3. Diagram of starting plume showing cross-sectional element.
Arrows represent vertical velocity vectors of top and bottom surfaces.
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PART III
AIRCRAFT OBSERVATIONS OF TRADE WIND CUMULUS AND THEIR INTERPRETATION
"It is probably undesirable to adopt the philosophy of one workman who
was assigned the job of measuring a cable used in an underwater experi-
ment. When asked if he had repeated the measurement as a check, he
replied, 'Naw, if you measure it once, you know what you've got. If
you measure it again and don't get the same answer, you don't know where
you are.' " (E.Bright Wilson, Jr., 1952).
I. General description of aircraft instrumentation
The detailed observation of clouds from aircraft requires an
elaborate instrument complex. During the years since the spring 1946
Wyman-Woodcock Expedition, the Woods Hole Oceanographic aircraft instru-
ment system has undergone a gradual evolution from simple observation
of dry- and wet-bulb temperature to its present capability of measuring
vertical air velocity and liquid water content and time-lapse cloud
photography. The addition of fast-response temperature and humidity
instrumentation has also made possible observation of fine temperature
and humidity detail in and around clouds.
The psychrograph, which records dry- and wet-bulb temperature
on a Leeds and Northrup recorder, has thermistors with a response time
of several seconds as the sensing elements. During field trips the
psychrograph is operated almost continuously, since the paper speed is
rather slow.
For resolution of detail on a smaller scale, for example during
cloud runs, a recording oscillograph has been used. The oscillograph
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'has been used to record temperature, liquid water content, vertical
acceleration, attitude, and air speed. (The last three are needed
for computing vertical velocity.) The vertical velocity instrument
system and reduction method is that developed by Bunker (1955) and is
essentially the same as that used by Malkus (1954), except for addition
of the attitude gyro.
2. The observational procedures and descriptive comments
There are two basic observational procedures, which may be
followed in observing clouds from aircraft. One procedure developed
by Malkus (1954) was dependent for its effectiveness largely on the
degree to which a cloud could be characterized as a steady state jet.
This consisted of picking a persistent reasonably well-isolated cloud
while cruising at cloud-top height and then making passes through it
at successively lower altitudes at intervals of 2000 feet. In addition
Malkus used photographs from different angles to arrive at\some sort
of profile of the cloud shape.
The other procedure used in obtaining liquid water content data,,
summarized by Ackerman (1959), consisted of passes at various altitudes
through a cloud field. The second technique is better adapted to a
statistical study of transient cloud characteristics than the first.
The writer has used both modes of operation but has not succeeded
in getting as exhaustive a study of one cloud as Malkus did. Neverthe-
less, all the data accumulated by.the writer and his collaborators in.
the Caribbean is homogeneous in the sense that the observations were
.._- 1-~s~1~-1~- - -_-IC_
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made over a sub-tropical oceanic area. However, the data are not
homogeneous in quality, since the aircraft instrument system, par-
ticularly the part for measuring cloud liquid water content, was
being developed and modified between field trips. The liquid water
content measurements were at least corrected for differences in instru-
ment exposure. (See discussion of instrument exposure in Part I
(pp.7 and 8.)) Therefore, although considerable information is con-
tained in the data, the control of the data quality is not as good as
one might desire.
The problem then becomes one of interpreting many observations
from a single aircraft along straight lines through many clouds to
arrive at the essential characteristics of the distribution of liquid
water, temperature, and turbulent motion in space and time. To begin
with, there are some general descriptive properties of these clouds that
have become apparent to the author after seeing many records. Cloud
base generally was confined to an altitude in the neighborhood of
600 m, which is consistent with the rather uniform sea surface tempera-
ture and saturation vapor pressure characteristic of sub-tropical oceanic
areas. The temperature and liquid water content records at heights
about two-thirds of the interval from cloud base to cloud top occasion-
ally showed maximum values which were warm and rather flat-topped in
profile (Figure 1). These temperature records usually showed fine-
scale indentations in the flat-topped region, but the liquid water
content records were usually flat-topped and smooth. This difference,
in detail between the temperature and liquid water content records is
I
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undoubtedly due to the slower instrument response time of the latter.
Intermediate between flat-topped and utterly irregular profiles
(Figure 5) were some with "a hole in the middle", similar to those
described by Ackerman (1959). (See Figures 2, 3 gnd 4). The flat-
topped profiles and those with a "hole" were often embedded in very
irregular regions of low liquid water content. (See Figures 3 and
4.) Also the irregular regions of low water content were generally
cool compared to the clear air whereas the flat-topped regions were
at least as warm as the clear air and certainly warmer than the cool
cloud air.
The flat-topped profiles usually had sharp edges too, as also
noted by Warner (1955). These profiles may have been the result of
penetrations just below the cap of a bubble-like thermal. The sharp
edges were probably due to sharp temperature gradients that tend to
develop kinematically in the flow field at the cap of the thermal.
The holes may be penetrations far enough below the cap to have indica-
tions of a hollow intrusion from below of environment air. However
the one-dimensional nature of a cloud pass makes it practically impossible
to draw conclusions concerning the vertical structure and extent of
such thermals.
3. Statistical analysis of cloud records
Since it is impossible to penetrate the same thermal at dif-
ferent altitudes with only one aircraft, the performance of an atmos-
pheric experiment analogous to a tank experiment is impossible.
I I ~ II ~_
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Furthermore, it has been found difficult to define a unique environ-
ment sounding for a given cloud. Therefore a more statistical approach
to the problem has been adopted.
Two examples of cloud-line observations were selected for lag
autocorrelation and correlation analysis of the physical variables
such as temperature, vertical velocity, and liquid water content.
Only five records were selected for such analysis because of the large*
amount of labor involved in transferring the analogue record informa-
tion to punched cards. The lag autocorrelation was intended to show
if any dominant scale of lumpiness existed and how it compared with
the sub-cloud layer depth. The correlation analysis -was meant to show
the cross-correlation of the physical variables as objective evidence
that the more energetic and denser parts of the cloud were indeed driven
by buoyancy forces.
The two cases selected for analysis were penetrations of cloud
lines on two different field trips. The first case was a series of
three passes through the top, middle, and just above cloud base across,
a cloud line. The passes were made by Mr. Bunker, who was kind enough
to take an early model of the hot wire cloud instrument on his field
trip. This series was selected because Mr. Bunker's turbulence equip-
ment was working well along with the cloud instrument. However, the
temperature records were not too good since they were made with a
thermopile instrument that seemed to be affected excessively by wetting
from the cloud. During the next field trip made,by Mr. Bunker, on which
the writer also came along, an early model of the precipitation instrument
-1L- ll~ I --- -rr~-.~~~..~~.l_.~l~~
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as well as the cloud instrument was used. Also a new fast-response
platinum resistance thermometer was used for the first time, but
unfortunately a modified version of the turbulence system did not
work. However, two passes were made along the cloud line at two levels,
one near cloud top and the other somewhat lower. Although made during
a different field trip, they supplemented the first case very nicely.
The deviations from clear environment temperature in Run #3349
at 10,000 feet were generally negative. One of the cloud elements
had a square-topped liquid water content record about 180 meters in
diameter with an irregular temperature record low relative to its
environment, which indicated inertial overshoot of the element and
also possibly mixing with dry air. (See Figure 5 for run with indica-
tion of inertial overshoot.) The deviations from clear environment
temperature on Run #3350 at 7000 feet were in general positive and
positively correlated with the liquid water records. Run #2940 at
7000 feet had a broad updraft about 800 meters wide with a peak vertical
velocity of 12.2 m/sec. Part of the updraft was cool and most of the
record was irregular (not square-topped). Near the entrance edge of
the updraft there was a square-topped segment of temperature and liquid
water content record about 200 meters wide. Thus the foregoing updraft
was not itself an example of a square-topped feature but appeared to
have one embedded in it.
Run #2942 at 4000 feet did not have any outstanding features.
Run #2943 at 2500 feet just above cloud base had an extensive weak cloud
on one side of the main cloud body and two small outlying clouds on the
....^..^r.---__--- . .~. ----- ---(~I -I(- -- II ' I- -^i^r--- ----- - -- I 1.
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other side with distinctly square-topped record profiles. A
schematic diagram of the structure of the above cloud line runs
showing distinctive features is given in Figure 6. The relative
positions of the cloud runs are extremely uncertain, but the writer
has placed them subjectively in reasonable positions.
In general the small clouds (about 100 to 300 meters in diameter
near cloud-base level) have been found to have square-topped record
profiles more often than those at higher levels. The higher frequency
of square-topped cloud features at lower levels may be a combined con-
sequence of greater density of buoyant elements near cloud base and
the smaller probability of aircraft penetration of faster-moving elements
at higher levels.
The lag autocorrelation analyses presented in Figures 7, 8, 9,
10, 11, and 12 were meant to show objectively the horizontal scale of
structure in cumulus convection. These analyses were made of time
series extending from first cloud penetration to last exit into clear
air as shown in Figure 6.
Some feeling for the relation of scale and shape to the auto-
correlation coefficient as a function of lag time may be obtained from
Figure 13 in which the results of analysis of an artificial periodic
square wave function with a period of 5 seconds and with square tops
of 2 seconds' duration are shown. If several square tops of 2 seconds'
duration - equivalent to a 150 meter space scale - were spaced
irregularly, then the autocorrelation function would probably go in
~~__1___1 --.1-.1--~- 1~ -~1~ ---. .-i-.- I.-~ - --- ~---Ll^ll - _-I LL l- _- II^
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roughly a straight line from 1 to near zero at about 5 seconds. The
residual larger scale would probably be related to the over-all size
of the group of square tops.
The autocorrelation analyses of the runs along a cloud line,
shown in Figures 11 and 12, have the most distinct evidence of a
dominant scale size. Their oscillatory character is nearly periodic
in nature. The distance from the zero point to the first minimum
in Figure 12 corresponding to a run at 7000 feet, is obviously smaller
than in Figure 11 corresponding to a run at 10,000 feet. Therefore
there is obvious evidence of an increase of scale with altitude in
these two analyses. The distances from the zero point to the first
minimum or first distinct change in slope are plotted in Figure 18
superimposed on the theoretical graph of bubble radius versus altitude.
There is an obvious trend toward larger scale size with increasing
altitude, starting with the smallest scale found in the sub-cloud layer.
The cross cloud line runs represented by triangles have a systematically
larger scale than the runs along the cloud line represented by circles.
This difference may possibly be due to the greater probability of en-
countering active compact thermals in runs along than across a cloud
line. The features encountered in the cross cloud line run therefore
may have been somewhat diffused in scale.
The cross-correlation analyses are given in Table 1 with other
pertinent information. The cloud-temperature and cloud-vertical velocity
correlations are all positive up to the 7000-foot level. The cloud-
temperature correlation at 10,000 feet is decidedly negative, indicating
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either inertial overshoot or mixing with dry air. If vertical
velocity data had been available for this run, it would undoubtedly
have been positively correlated with vertical velocity (see Figure
5, for example).
In addition a histogram analysis of all the available Caribbean
cloud data was made. The analysis is an extension of Ackerman's
(1959) method of statistical summary of liquid water content data
gathered with the U.S.Weather Bureau aircraft. The horizontal extent
of unbroken cloud and average and maximum values of cloud liquid water
over each unbroken cloud interval along with corresponding values of
the volume median drop diameter were read from each cloud record.
The average and maximum deviation from the cloud environment tempera-
ture and vertical velocity were also read.
The class interval structure of the histogram analysis is as
follows. First, a rough classification was made of the cloud runs
based on the approximate maximum cloud top height observed in the area
of operation (roughly within a radius of 20 km). Four maximum cloud-top
height intervals were chosen to split the data into reasonably large
samples. Classification in this way presumably stratifies the data
according to a criterion possibly related to large-scale subsidence
(Riehl, 1954, p.378 ). The horizontal unbroken cloud extent and corres-
ponding average and maximum values of deviation from clear environment
temperature and vertical velocity were tabulated for each run. The
same procedure was followed for the average and maximum cloud liquid
water and corresponding volume median drop diameters. (Table 2 is
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a sample from this tabulation corresponding to the cloud lines dis-
cussed earlier.) All this information was put on punched cards, and
a computer was used to construct frequency tables according to a con-
venient grouping scheme. Bar graphs of the medians, 80th percentiles,
and extremes as a function of altitude were derived from the frequency
tables and are given in Figures 13, 14, and 15. The numbered altitudes
in these figures represent the class limits of cloud run heights.
The writer intended that the cloud extent statistics, as given
in Figures 14, 15, and 16, yield objective information concerning
the prevalent dimensions of the residual cool cloud of a cloud system.
Cloud lines and clusters give a subjective impression of relatively
large flat bases and small tops. Also the maximum horizontal dimensions
of clouds appear to vary directly as the maximum prevalent cloud top
height. The cloud extent statistics of Figure 14 as compared with those
of Figures 15 and 16 certainly confirm the latter impression, and
there is even some slight indication of trend toward larger size in
going from Figure 15 to 16. The large extremes in these two figures
are probably the consequence of including a few runs along cloud lines.
Their medians and 80th percentiles do not show any distinct trend with
altitude. However, large flat bases may be obscured by inability to
define cloud boundaries exactly at low liquid water contents prevalent
near cloud base, or they may be more apparent than real because of
the superposition of a large number of smaller cloud masses on each
other in the line .of sight.
The statistical distributions of average and maximum values
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of the physical cloud variables given in Figures 14, 15, and 16 were
intended to demonstrate the applicability of the bubble model to
compact buoyant cloud masses and the existence of the relatively less
energetic more extensive turbulent cool cloud matrix. The relatively
low values of the medians as compared to the 80th percentiles and the
extremes are indicative of the higher probability of encountering
relatively cool and low density cloud material with relatively low
levels of turbulent kinetic energy. The higher probability is in turn
indicative of the greater extent in space and time of cool cloud matrix.
If individual thermals whether they are transient jet- or bubble-
like buoyant elements grow and lose their buoyancy shortly after breaking
into clear air and then diffuse in the cloud layer, the average and
maximum values of the physical variables provide a measure of the
buoyant activity of the cloud. Also if a given cloud segment is in
its most active state in a given cloud pass at a given level, the
average and maximum values of the physical variables should be larger
than those of any other cloud pass at that level. Therefore the largest
values of the average and maximum at a given level provides an estimate
of the upper and lower bound of the temperature excess, vertical velocity
excess, or liquid water content of the most active buoyant element.
The maximum average and maximum values as a function of altitude can
be compared to the values predicted by a model of an active thermal.
The motivation for the above analysis is not the literal detailed verifi-
cation of the validity of a given model, but the investigation of how
well a simple model can reproduce the statistical behavior of clouds
'--~-~--~----- I
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and what mixing parameter values are appropriate.
4. Fitting of the bubble model to the cloud data
If maximum cloud top height is an index of subsidence intensity
(Riehl, 1954,,p.378), then the occurrence of small shallow clouds may
be inferred to be a consequence of strong local subsidence. Some of
the shallow clouds penetrated by Bunker in February, 1958, appeared
to have square-topped and warm records about 100 to 300 meters in
diameter. Most of the shallow clouds, however, were cool and irregular
and penetrated to a height about 600 meters above cloud-base level.
Therefore in what may be called suppressed conditions, the individual
clouds are usually either bubble-like elements or their larger dissi-
pating residues. The larger cloud systems such as cloud lines or cloud
clusters, which may penetrate to levels as high as 20,000 feet, may be
more appropriately represented as groups of buoyant elements immersed
in a relatively cool dissipating cloud matrix containing less liquid
water.
In terms of the large scale features or average soundings, the
cloud layer has been viewed as a static conditionally unstable layer
capped by an inversion with drier air above (Bunker, Haurwitz, Malkus
and Stommel, 1949). Actually in August, 1963, particularly in the
neighborhood of Barbados the trade-wind inversion was absent and the
cloud layer was merely capped by very dry air. Wexler and Malkus (1958)
noted that individual aircraft soundings of temperature and dewpoint
do not indicate any clear relation to the type of cloud regime, whether
it is relatively suppressed or disturbed. The writer also has found
- ------ _II I
- 95 -
that the stability evaluated from a single aircraft sounding varies
greatly from place to place in a given area and from time to time
during a given day. Therefore the soundings made in August 29,
1963 (one by the Woods Hole aircraft, two by the CRAWFORD, and one
by Seawell airport on one day over a period from 8:00 A.M. to 8:00
P.M.) were plotted on the same chart. The envelope of all the observa-
tions for the one day are given in Figure 17, as the shaded area between
two zig-zag lines connecting the observations at the edges of the
fluctuation band. For purposes of comparison average soundings are
also given in Figure 17. (Jordan, 1957, and Garstang, 1965, private
communication.)
Cloud base was at about 600 m, and maximum cloud top on this
day was about 3000 m. The separation of temperature and dewpoint shows
that apparently none of the soundings went through cloud. The breadth
of the eloud-layer temperature fluctuation band is considerably greater
than that of the sub-cloud layer. The band of the dewpoint is con-
siderably wider than that of the temperature. The fluctuation bands
are about 10 wide, 30 wide, and 100 wide for the sub-cloud layer tempera-
ture and dewpoint, the cloud layer temperature, and cloud layer dewpoint,
respectively. The width of the sub-cloud layer band may possibly be due
to instrumental error but the fluctuation bands of the cloud layer are
well beyond any conceivable error. These fluctuations must be due to
mesoscale circulations or gravitational waves. Thus the cloud layer is
by no means the static environment postulated in cloud models or numer-
ical experiments.
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Since the cloud statistics given in Figures 14, 15 and 16 are a
composite derived from several field trips and individual soundings
are so variable, the August San Juan average sounding which in the
cloud layer lies well within the fluctuation band was selected as
typical of the area to compute bubble-model constants. The average
values of these constants were found to be I, = 4.7 x 10-8,
2 = 2.3 x 10-8, and Y/ = 3.3 x 10-8 cm- 1 . The microphysical
parameter. Yp was computed by equation (54) of Part II from the
80th percentile values of liquid water content, volume median drop
size, and vertical velocity summarized in Figures 15 and 16. The maximum
value of Y'p with = 100 m and for ke = kd = .5 was 1.3 x 10-8cm-1.
The maximum value of 1P found for kd = 0 and ke = .5 with 100 m was
4.7 x 10-9cm1 . These values of "V were used in bubble model computa-
tions and compared with computations for = 0. The results differed
appreciably. The extremes of the bubble model computations for
ke = .75 with upper and lower limits of , = 100 and 300 m, respectively,
including the above extremes of Yp are given in Figure 18.
The means of average and maximum values of the extremes pre-
sented in Figures 14, 15, and 16 are superimposed on the theoretical
bubble model curves given in Figure 18 with the exception of one
extremely large value of the liquid water. This one point, which is
way out of line with the others, is the direct result of one cloud run
made off the northwestern tip of the island of Puerto Rico on the way
home from the August 1963 field trip to Barbados. This one anomalous
_ _~~ _ __~1^___1~_1_1_11_11__- XI 11 __
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observation can make physical sense only in terms of a large storage
of water by repeated updrafts in the same region combined with the
effect of precipitation from above. We may be justified in excluding
this one point, because the observation was made in the lee of a
large land mass.
In interpreting the results summarized in Figure 18 we must
keep in mind the uncertainties introduced by the limited control of
accuracy in the data. The volume median drop size determination is
uncertain by + 29%. The corresponding uncertainty in liquid water
content read from the cloud instrument calibration for a size of
100 microns is + 12 %. The uncertainty in the calibration itself is
+ 12 % so that we may estimate the total uncertainty as + 24 %. The
uncertainty in the temperature is largely due to the unmeasured altitude
fluctuation, which can be as much as + 100 m in a cloud run. The corres-
ponding temperature fluctuation is approximately + .60C. The accuracy
of the vertical velocity determination as estimated by Bunker (1953) is
+ 16 cm sec -1 . Telford and Warner (1962) have considered this estimate
to be unduly optimistic, because of the uncertainty introduced by the
attitude gyroscope's drift correction mechanism. Bunker estimated the
gyroscope attitude accuracy at + .11 degree. A more realistic estimate
under flight conditions might be + .4 degree. The vertical velocity
determination might then be at most accurate to + 50 cm sec-1.
The scale sizes from the autocorrelation analyses, as given in
Figure 18, appear to favor an expanding scale with altitude. The
superadiabatic values of liquid water near cloud base altitude may
reasonably be attributed to precipitation. The liquid water at higher
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altitudes favors within the accuracy estimated above the bubble
model with kd much less than ke. The temperature data is at
least not inconsistent with the evidence so far presented. The
vertical velocity, however, is much too large to be consistent with
the other data. The excess value can only be accounted for if buoyant
masses rise through the cool cloud matrix frequently enough to impart
an average upward velocity to it as high as 4 or 5 m sec- 1 near
cloud top.
5. Estimate of collection efficiency parameter.
The extreme values of volume median drop size and vertical
velocity given in Figures 15 and 16 may be used to make a rough
estimate of collection efficiency E. The values of , u , and
in may be computed from the above drop size with the simple model
drop size distribution given in Part II. The value of C was
estimated by dividing v7_ by its corresponding altitude above cloud
base. The values of E corresponding to the data contained in
Figures 15 and 16 obtained by substitution in equation (60) of the
computed numbers yielded values of 1.1 and .7, respectively.
6. Summation
The above observational study has yidlded definite evidence that
parts of a cloud system such as a line or a cluster are indeed driven
by buoyancy forces. The existence of inertialover-shoot at maximum
cloud top height has also been established. The accumulated observational
IIIIIC_ ~_I_ __111__1^_II__1_11_ - - -*-1.
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experience has furthermore yielded descriptive information, which
suggests the existence of bubble-like thermals with sharp temperature
and liquid water gradients possibly associated with the kinematics of
the flow field at the top of the thermal. The cool cloud regions
have been correlated with relatively low liquid water content.
The autocorrelation analyses have yielded evidence of increasing
scale with altitude, which coupled with evidence derived from the
histogram analyses implies that the laboratory value of the entrain-
ment parameter may be extended to cumulus clouds. The observed
vertical velocities, which are large compared to the theoretical values,
suggest that the buoyant portions may induce upward motions in the cool
cloud matrix.
In addition to the above factual information, apparently profit-
able statistical approaches to the problem of rationalizing the
dynamics of cumulus convection have been suggested. The use of
autocorrelation analysis to establish scale implies logically the
application of spectrum analysis. The comparison of the sub-cloud
layer spectrum with that of the cloud layer could possibly yield objective
information concerning the scale range which is transferred to and
amplified in cumulus clouds. Histogram analysis of large amounts of
data with better and more accurate instruments may be used to refine
the bubble-model representation and to study the large scale heat,
water, and momentum balance of the cloud layer. The possibility of
relating cloud microphysics to dynamics has been explored.
._ I^~ .^_1._1 -LI -.X_ l~-_ ._^__ *
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The results of the above observational pilot study and its
relation to existing theoretical analysis constitute, in the author's
eyes, sufficient motivation for improving aircraft instrumentation and
conducting more extensive observational aircraft operations. The possi-
bility of parametric representation of the effect of clouds on the
large-scale wind field should appeal to individuals interested in the
dynamics of the trades and hurricanes. For people with more practical
and operational inclinations, the use of aircraft in observations over
the oceans combined with satellite observations should have considerable
appeal.
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Table 1
Cloud line data
Date Record Altitude Correlation
number feet coefficient
cloud- b' cloud- ' - "
vert.vel. temp.
2/24/58 2940 7,000 .730
2942 4,000 .184
2943 2,500 .320
11/16/59 3349 10,000 -.455
~~1_11 _ ___ ..p~--li .~ ^-1 1^----~111111^1~- -- C~  -. . -I__ IL
.4343350 7,000
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Table 2
Date Record Cloud Altitude
number dist. feet
km.
Type
of
statistic
Cloud Vol.
liquid median
water drop
gm/m 3 diam.
microns
Temp. Vert.
diff. vel.
from m/sec.
env.
oC
2/24/58 2940 1.4 7000
2.3
2/24/58 2942 4.7
2/24/58 2943 2.1
2/24/58
11/16/59
3350
3.2
4000
2500
1600
.2 10,000
.4 7000
3.1
.1
.1
.3
.3
.1
.3
1.0 -7000
Av g.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
Avg.
Max.
0.3
0.7
0.7
1.2
0.3
0.8
0.3
0.4
30
630
Probably
precipitation
1.0 117 -. 7
-0.3
+4.8
+3.7
+12.2
-0.4
+3.0
+0.7
+2.4
+0.7
+1.6
+1.5
+2.8
-0.2
+1.7
Under cloud
base
1.2 97 -.4
1.1 150 -. 8
1.9 92 -.1
-.4
-.15
0.1? 84 0
0.1? 84 -. 15
0.3? 238 +.1
0.3? 230 +.4
0.5 92 +.2
0.7 81 +.8
0.1 84 +.1
0.2 84 +.25
0.1 60 +.1
0.1 72 +.25
1.3 199 +.2
1.7 74 +.65
0.8 88 +.4
1.4 78 +1.0
1.1 70 +.5
2.2 58 +1.1
0.7 100 0
1.5 76 0.6
1 2 3
Time in seconds
Figure 1. Example of flat-topped temperature and liquid water record
profiles. Run number 4123. May 28. 1962. at 6100 feet.
1 2 3
Time in seconds
Figure 2. Example of temperature and liquid water record profiles with
"hole in the middle". Run number 4107, May 27, 1962, at 6200 feet.
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Figure 3. A complete cloud run which contains a relatively warm flat-
topped record of relatively high liquid water content with
"hole on the side" immersed in less dense cool cloud at 6000 feet.
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Figure 4. A complete cloud run which contains a relatively warm, somewhat
irregular flat-topped record with a large "hole in the middle"
and two vertical velocity peaks immersed in less dense cool
cloud at 7400 feet. The double velocity peak might be indicative
of two separate thermals near each other.
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Figure 5. A complete cloud run containing an irregular cool updraft
indicative of inertial overshoot made at 9900 feet.
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Figure 6. Diagram of principal features of cloud line runs selected for
autocorrelation and correlation analysis. Relative horizontal
positions of runs are very inexact.
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Figure 7. Autocorrelation analysis of cloud run #2940 across a cloud line,
February 24, 1958, at 7000 feet.
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Figure 8. Autocorrelation analysis of cloud run #2942 across same cloud line
as in Figure 7, February 24, 1958, at 4000 feet.
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Figure 9. Autocorrelation analysis of cloud run #2943 across same cloud line
as in Figure 7, February 24, 1958, at 2500 feet.
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Figure 10. Autocorrelation analysis of run #2944 below cloud base across
same cloud line as in Figure 7, February 24, 1958, at 1600 feet.
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Figure 11. Autocorrelation analysis of cloud run #3349 along a cloud line,
November 16, 1959, at 10,000 feet.
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Figure 12. Autocorrelation analysis of cloud run #3350 along same cloud line
as in Figure 11, November 16, 1959, at 7000 feet.
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Figure 13. Autocorrelation analysis of square wave with 5-second period and
square tops of 2 seconds duration.
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Bar graphs from cloud data frequency tables for classification
according to maximum cloud top < 5000 feet in area of operation.
The numbered altitudes represent statistical cloud run altitude
class limits. The bars represent statistics of unbroken cloud
intervals in the cloud runs. The ends of the bar represent the
median and extreme, and the heavy line represents the eightieth
percentile for the corresponding cloud run altitude class. The
upper and lower bars represent the statistics for the average and
maximum in unbroken cloud intervals. The number of observations
is entered to the right or in each bar.
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Figure 14.
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Figure 15. Same as in Figure 14, but maximum cloud top altitude is
, 7000 feet and -C 10,000 feet.
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Figure 16. Same as in Figure 14, but maximum cloud top altitude is
10,000 feet and 4 16,000 feet.
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Figure 18. Means of extremes of average and maximum values observed in segments
of unbroken cloud superimposed on theoretical curves. Long dashes
are the adiabats, solid curves represent case ke = .75 and kd = 0,
and short dashes the case kd = ke = .75. Extremes in these curves
represent the extremes assumed for r and 'P
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PART' IV
A FINAL ASSESSMENT AND SUGGESTED FUTURE WORK
1. The nature and extent of the author's contribution.
The work of the author to date stems directly from the
pioneer effort of Malkus (1954) to relate the observed virtual
temperature excess in cumulus clouds to observed vertical velocity
in terms of Stommel's (1949, 1950) steady state jet model. Since
then the author has added a hot wire liquid water content instru-
ment system to the other aircraft instrumentation in order to obtain
more detailed observational information concerning clouds.
A key problem in the observation of clouds has been the
measurement of liquid water content and drop size distribution.
The simple direct methods, such as impaction of cloud drops on
coated slides, do not lend themselves readily to continuous cloud
observation. Also the labor of sizing and counting drop impressions is
a discouraging factor. Continuous recording total liquid water content
instruments of various types have been developed in the past, but adequate
attention to their calibration has been lacking. The author's interest
in theory-and observational verification coupled with previous experience
in cloud instrument work motivated his intensive hot wire instrument
development and calibration program. The simplicity of the hot wire
principle was particularly attractive because of the ease with which its.
output could be recorded and the possibility of obtaining accurate observa-
tions in a relatively short time. The short development time turned out
longer than expected because of calibration difficulties.
~ _ ^__II_ I_ _ _ 1.~11111 1~--~1 __ I
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The author was forced to devise a companion precipitation
instrument for the simple cloud instrument to compensate for its
lack of sensitivity to large drops. Consequently the unexpected
extra instrument work led to a bonus in the form of drop size informa-
tion. The calibration problem, which also was more difficult than
anticipated, was also solved by the author. The solution was arrived
at by a judicious combination of old techniques and departure from
the procedures established by Neel and Steinmetz (1950) and Neel (1951).
The author (1959) also combined entrainment and condensation in
a bubble model. Numerical entrainment model computations have been
made by others including allowance for the effect of liquid water con-
tent as well as temperature on buoyancy. Here the author's earlier
bubble model has been corrected and revised to include the effects of
liquid water and precipitation on buoyancy. Also the logic of all
entrainment model calculations has been summarized and clarified.
On the observational side, a pilot statistical summary of data,
gathered by the author and his collaborators has been made and a method
suggested for comparing the data with entrainment models. Rather than
try to verify the detailed structure of a model - bubble versus jet -
an attempt to see how well a simple cloud model can reproduce the
statistical behavior of clouds is suggested. A reasonable cloud model
may then possibly be extended to the assessment of the relative importance
of cloud microphysics and to the study of the dynamics of the trade
wind circulation.
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2. The role of microphysical phenomena in clouds
The effect of coalescence has been here introduced into the
bubble model by way of the precipitation parameter "'p . A rough
calculation of collection efficiency of large drops for small drops
has bedn made from the cloud observations too.
In the future initial drop size distributions and concentrations
as computed by Howell (1949), Squires (1952), Twomey (1959), and
Mordy (1959) may be introduced into model calculations and numerical
experiments. As cloud observations improve, the effect of condensation
nuclei on drop size spectrum may be studied. Also clouds over land
and sea may be compared to evaluate the influence of condensation
nucleus population differences.
A reasonable cloud model may be used to estimate the effects of
cloud seeding as attempted by Malkus and Simpson (1964). The combination
of better instrumentation, observation, and theory should eventually
lead to definitive answers to questions concerning the effectiveness of
cloud seeding.
3. Details of internal cloud motion
The increasing capacity of digital computers will undoubtedly
make possible more elaborate numerical experiments in cumulus convection.
The relation of mixing parameters to eddy transport coefficients already
suggested here may make possible a more intimate interaction between
numerical experiments, laboratory tank experiments, and observation.
In particular realistic eddy viscosity coefficients may be established
for use in numerical experiments.
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An alternate approach to the numerical experiment may be
made with truncated polynomial series. O'Brien (1961) has found
exact solutions to the Navier-Stokes equations in the form of oblate
and prolate spheroidal vortices to complement Hill's spherical vortex.
The principal scale of motion may be represented by a spheroidal
vortex while the smaller scales of motion are represented by poly-
nomials of higher order.
4. Improvement of instrument system
A great obstacle to maximum use of the data in the present
analogue type of recording system is the tremendous amount of labor
required in data reduction. Introduction of a digital voltmeter and
digital tape recording equipment would make it possible to do the data
reduction by digital computer. Thus the lag between observation and
interpretation of data would decrease. Also a much more complete
statistical analysis of the data could be made, and more thought might
then be given to interpretation of the results.
The instrument system could be made more complete and more
effective by adding observational components or improving existing
ones. In the past a particularly important component was missing,
namely, a continuous record of altitude during a cloud pass, which is
needed for evaluation of relative buoyancy. Vanes to study small-scale
turbulence in clouds might be a valuable addition to the present turbulence
system. The existing hot-wire instrument system may be modified to give
more drop-size spectrum information. As supplements to the hot-wire
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system a shadowgraph camera and impactor might be added. A variation
of the vortex thermometer might be useful in minimizing temperature
element wetting along with the dynamic correction. A 3-cm radar may be
useful in supplementing the detailed one-dimensional observation of a
cloud in an aircraft pass with a three-dimensional picture.
The accuracy of the author's calibration procedure can also
be improved, perhaps to the point where liquid water mixing ratios
are comparable in absolute accuracy to water vapor mixing ratios.
For example, the water flow to the individual nozzles could be metered
so that the liquid water distribution over the tunnel's cross section
would be more uniform. If the nozzles were turned in more towards the
tunnel axis, the intersecting spray plumes might, due to better turbulent
mixing, contribute further to the uniformity of the cross sectional
water distribution.
If the scientific motivation for meteorological observation from
aircraft continues, there appears to be no reason why an adequate
instrument system should not eventually evolve.
5. Relevance of the cumulus scale to larger scales of motion
Just as small-scale turbulence exerts an apparent eddy viscous
drag on the horizontal motion of the sub-cloud layer, so does the cumulus
scale on the larger scale motion in the cloud layer. Furthermore, the
larger scale vertical motion essentially establishes the cumulus cloud
environment. Therefore there is a complex interaction of cumulus scale
and large scale motion of a type ,often loosely called a feed-back mechanism.
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The stability of the trades is very likely bound up with such an
interaction, which may in turn be involved with the formation of
tropical disturbances.
If a reasonable parametric representation of cumulus convection
is established, then the path is relatively clear towards evaluating
eddy stresses and transports into the cloud layer from the sub-cloud
layer for various cloud distributions and large scale vertical velocities.
Mass exchanges may be related to observations of water vapor distribu-
tion and salt particle distribution in the clear air above the sub-
cloud layer.
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